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ABSTRACT 
Model analyses indicate that sophisticated solar cell designs 
including, e.g., back surface fields, optical reflectors, surface passivation, 
and double layer antireflective coatings can produce devices with conversion 
efficiencies above 20% (AM1). To realize this potential, the quality of the 
silicon from which the cells are made must be improved; and these excellent 
electrical properties must be maintained during device processing. 
As the cell efficiency rises, the sensitivity to trace contaminants 
also increases. For example, the threshold Ti impurity concentration at which 
cell performance degrades is more than an order of magnitude lower for an 18% 
cell than for a 16% cell. Similar behavior occurs for numerous other metal 
species which introduce deep level traps that stimulate the recombination of 
photogenerated carriers in silicon. 
Purification via crystal growth in conjunction with gettering steps to 
preserve the large diffusion length of the as-grown material can lead to the 
production of devices with efficiencies above 18%, as we have verified experi- 
mentally. 
1. INTRODUCTION 
For photovoltaic (PV) power generation to compete on a large scale 
with other forms of energy production, the price of solar cell modules must be 
substanially reduced. Because area-related costs, such as land, support 
structures, encapsulation, etc., become significant in large systems, it is now 
recognized that reduced system costs require much more efficient modules and 
cells than are currently manufactured, (l r 2, 
For this reason, a major thrust of recent photovoltaic research has 
been to raise solar cell efficiency by innovative cell design and careful device 
processing coupled with improvements in the quality of the silicon material 
from which the cells, are made, In this paper, some basic considerations for 
cell efficiency improvement are examined, the performance-limiting mechanisms 
due to impurities are described, and techniques to minimize impurity effects are 
outlined, 
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2 .  APPROACHES TO CELL EFFICIENCY IMPROVEMENT 
When l i g h t  s h i n e s  on a  s o l a r  c e l l ,  photogenerated c a r r i e r s  (ho le -  
e l e c t r o n  p a i r s )  a r e  produced which d i f f u s e  t o ,  and a r e  s e p a r a t e d  by, t h e  h i g h  
f i e l d  r e g i o n  a t  t h e  j u n c t i o n  of t h e  d e v i c e ,  A pho tovo l tage  i s  roduced, and a 
c u r r e n t  f lows i n  t h e  e x t e r n a l  c i r c u i t  connected t o  t h e  I f  t h e  
c a r r i e r s  recombine b e f o r e  r e a c h i n g  t h e  j u n c t i o n ,  t h e y  do n o t  c o n t r i b u t e  t o  
v o l t a g e  and c u r r e n t :  and c e l l  e f f i c i e n c y  i s  reduced. Thus t h e  c a r r i e r  
d i f f u s i o n  l e n g t h  L  o r  t h e  recombinat ion l i f e t i m e  T t o  which i t  i s  r e l a t e d  
(L = 6 where D i s  t h e  c a r r i e r  d i f f u s i v i t y )  must be  made a s  l a r g e  a s  p o s s i b l e .  
For example, L should  be a t  l e a s t  e q u a l  t o  t h e  c e l l  t h i c k n e s s ,  t o  maximize 
e f f i c i e n c y .  
D i f f u s i o n  l e n g t h  i s  a  s t r o n g  f u n c t i o n  of i m p u r i t i e s  and d e f e c t s  i n  t h e  
s i l i c o n  which a c t  a s  c e n t e r s  f o r  recombinat ion,  I n  a d d i t i o n ,  c a r r i e r  recombina- 
t i o n  a t  s u r f a c e s  and i n  t h e  h e a v i l y  doped r e g i o n s  of t h e  c e l l  can a l s o  l i m i t  
performance.  By c o n t r o l l i n g  t h e s e  performance l i m i t i n g  f a c t o r s ,  we i n c r e a s e  
s o l a r  c e l l  e f f i c i e n c y  which i s  g iven  by 
where: V i s  t h e  open c i r c u i t  c e l l  v o l t a g e  
O C  
I S C  
i s  t h e  s h o r t  c i r c u i t  c u r r e n t  
FF i s  a  c u r v e  i d e a l i t y  f a c t o r ,  and 
PIN i s  t h e  i n c i d e n t  s o l a r  power. 
Advanced c e l l  d e s i g n s  and i n c r e a s e s  i n  t h e  q u a l i t y  o f  t h e  s i l i c o n  
m a t e r i a l  a r e  t h e  two main methods t o  improve s o l a r  c e l l  e f f i c i e n c y .  Such 
f e a t u r e s  a s  o x i d e  p a s s i v a t i o n  t o  reduce c a r r i e r  recombinat ion a t  s u r f a c e s ,  
double  l a y e r  a n t i r e f l e c t i o n  c o a t i n g s ,  back s u r f a c e  r e f l e c t o r s ,  back s u r f a c e  
f i e l d s ,  and  improved e m i t t e r  d e s i g n s  f a l l  i n  t h e  f i r s t  c a t e g o r y ( 3 ) .  C o n t r o l l i n g  
t h e  d e f e c t  c o n t e n t  and p u r i t y  of t h e  b u l k  m a t e r i a l  t o  i n c r e a s e  d i f f u s i o n  l e n g t h  
a r e  impor tan t  a s p e c t s  of m a t e r i a l  q u a l i t y .  Impur i ty  e f f e c t s  and t h e i r  c o n t r o l  
a r e  t h e  s u b j e c t s  of t h i s  p a p e r ,  
Mathematical  models of t h e  s o l a r  c e l l  can b e  used e f f e c t i v e l y  t o  
a n a l y z e  how paramete rs  l i k e  c a r r i e r  d i f f u s i o n  l e n g t h  c o n t r o l  dev ice  performance,  
and how t h e y  can be  manipula ted t o  g a i n  e f f i c i e n c y  improvement. We have used 
two t y p e s  of models t o  e v a l u a t e  dev ice  performance and i m p u r i t y  e f f e c t s :  
one-dimensional a n a l y t i c  models which r e l a t e  t h e  o v e r a l l  m a t e r i a l  and des ign  
paramete rs  t o  c e l l  e f f  i ~ i e n c ~ ( ~  , 5) ,  and a  semi-empir ical  impur? t y  e f f e c t s  model 
which connec t s  t h e  c o n c e n t r a t i o n  of s p e c i f i c  i m p u r i t i e s  t o  d i f f u s i o n  l e n g t h  and 
c e l l  pe r fo rmance(6) .  
I n  t h e  one-dimensional model, t h e  s o l a r  c e l l  is  d i v i d e d  i n t o  s e v e r a l  
e lements ,  and t h e  s u r f a c e  recombinat ion v e l o c i t y  ( S O ) ,  t h e  b a s e  d i f f u s i o n  l eng th ,  
t h e  c e l l  wid th ,  and t h e  doping d e n s i t y  a r e  i n p u t  v a r i a b l e s ,  The i n t e r n a l  recom- 
b i n a t i o n  v e l o c i t y  i s  c a l c u l a t e d  i t e r a t i v e l y  from t h e  d e v i c e  s u r f a c e s  toward t h e  
j u n c t i o n  us ing  t h e  r e l a t i o n  
L + S, ,, t anh  
where W i s  t h e  wid th  o f  t h e  e lement ;  (S , N1, AV and (S2, N2,  AVG2) a r e  t h e  
recombinat ion v e l o c i t y ,  doping d e n s i t y  , l a n d  t h e  gandgap narrowing a t  t h e  two 
boundar ies  o f  t h e  e lement .  (Here D and L are t h e  d i f f u s i v i t y  and d i f f u s i o n  
l e n g t h  o f  t h e  m i n o r i t y  c a r r i e r s  w i t h i n  t h e  e lement . )  With t h i s  approach Voc 
i s  c a l c u l a t e d  which, when coupled w i t h  measured o r  e s t i m a t e d  v a l u e s  o f  Isc, 
g i v e s  t h e  expec ted  c e l l  e f f i c i e n c y ( 4 ) .  
F i g u r e  1 f o r  example, i l l u s t r a t e s  t h e  i n t e r n a l  r ecombina t ion  
v e l o c i t i e s  c a l c u l a t e d  f o r  a  c e l l  made from a 250 pm t h i c k  4 Rcm r e s i s t i v i t y  
s i l i c o n  hav ing  a  b a s e  d i f f u s i o n  l e n g t h  of 400 um and v a r i o u s  d e g r e e s  o f  s u r f a c e  
p a s s i v a t i o n ( 4  5 ) .  
P a s s i v a t i o n  of t h e  f r o n t  and back s u r f a c e s  i s  assumed t o  r e d u c e  
s u r f a c e  recombina t ion  r a t e s  from lo6  t o  500 cm/sec i n  t h e  model w i t h  r e s u l t a n t  
reduced recombinat ion throughout  t h e  d e v i c e .  For  t h e  p a s s i v a t e d  d e v i c e  i n  t h e  
f i g u r e ,  c e l l  e f f i c i e n c y  is  i n c r e a s e d  from 15 .2% t o  17% by t h e  p a s s i v a t i o n  s t e p  
a l o n e ,  a  p r e d i c t i o n  which h a s  been e x p e r i m e n t a l l y  ver i f ied(7:!  Improvements t o  
t h e  model(5) pe rmi t  d i r e c t  c a l c u l a t i o n  o f  Isc and f i n a l l y  t h e  c e l l  e f f i c i e n c y .  
I f  we make no assumptions  r e g a r d i n g  t h e  mechanisms l i m i t i n g  t h e  b u l k  
m a t e r i a l  q u a l i t y ,  w e  can employ t h e  one-dimensional model t o  e s t i m a t e  how 
changes i n  t h e  b a s e  m a t e r i a l  p r o p e r t i e s  a f f e c t  c e l l  performance. The key  
parameter  i s  t h e  c a r r i e r  d i f f u s i o n  l e n g t h .  We want L t o  b e  comparable t o ,  o r  
l a r g e r  t h a n  t h e  c e l l  t h i c k n e s s  t o  maximize e f f i c i e n c y .  Defec t s  such  a s  
d i s l o c a t i o n s ,  g r a i n  boundar ies ,  impurity-induced recombinat ion c e n t e r s  and t o  
some e x t e n t  t h e  doping c o n c e n t r a t i o n  a l l  a f f e c t  t h e  v a l u e  of L. 
High c e l l  e f f i c i e n c y  can b e  reached  by d i f f e r e n t  combinat ions  of 
r e s i s t i v i t y  and d i f f u s i o n  l e n g t h  a s  i l l u s t r a t e d  by t h e  c a l c u l a t i o n s  l i s t e d  i n  
Table  1. I n  t h e s e  s p e c i f i c  p a s s i v a t e d  d e v i c e s  (Son+ = 500, So + = 500 cm/sec), 
17.5% e f f i c i e n t  c e l l s  r e q u i r e d  a  467 pm d i f f u s i o n  l e n g t h  when tge b a s e  doping 
l e v e l  corresponded t o  4 Rcm, bu t  o n l y  a  125 pm d i f f u s i o n  l e n g t h  when b a s e  
r e s i s t i v i t y  was 0 .2  Rcm. I n c r e a s e s  i n  V more t h a n  o f f s e t  t h e  r e d u c t i o n  i n  Is, 
due t o  t h e  s h o r t e r  d i f f u s i o n  l e n g t h  i n  tgz low r e s i s t i v i t y  c e l l s .  Lf t h e  
d i f f u s i o n  l e n g t h  of t h e  low r e s i s t i v i t y  m a t e r i a l  i s  r a i s e d  t o  300 pm (coupled 
w i t h  a  r e d u c t i o n  i n  e m i t t e r  doping t o  1 x 10'' ~ m - ~ ) ,  c e l l  e f f i c i e n c i e s  o v e r  
20% a r e  p r e d i c t e d .  
The impor tan t  p o i n t  t o  recognize  i s  t h a t  once c e l l  d e s i g n  and resis- 
t i v i t y  a r e  f i x e d ,  t h e  b a s e  m a t e r i a l  d i f f u s i o n  l e n g t h  becomes t h e  c o n t r o l l i n g  
paramete r  f o r  e f f i c i e n c y  improvement. Each doubl ing  of m i n o r i t y  c a r r i e r  l i f e -  
time T produces  a n  a b s o l u t e  e f f i c i e n c y  improvement of about  0.5%. 
3 .  IMPURITY EFFECTS 
3 . 1  D i f f u s i o n  Length 
D e t a i l e d  a n a l y s e s  of i m p u r i t i e s  i n  s i l i c o n  s o l a r  c e l l s i b  5 8 ,  i n d i c a t e  
t h a t  most meta l  i m p u r i t i e s  form c a r r i e r  recombinat ion c e n t e r s  i n  t h e  bandgap and 
t h u s  degrade s o l a r  c e l l  performance dominantly by reduc ing  d i f f u s i o n  l e n g t h  and 
d e v i c e  s h o r t  c i r c u i t  c u r r e n t .  For example, F i g u r e  2 d e p i c t s  t h e  energy l e v e l s  
of c e n t e r s  measured by deep l e v e l  t r a n s i e n t  s p e c t r o s c o p y  (DLTS) on s i l i c o n  
s i n g l e  c r y s t a l s  grown from m e l t s  purpose ly  contaminated w i t h  i m p u r i t i e s .  The 
DLTS method i s  unique i n  i t s  a b i l i t y  t o  d e t e c t  minute  amounts of a c t i v e  
i m p u r i t i e s ( * ) .  The DLTS d e t e c t i o n  l i m i t  i s  abou t  f o u r  o r d e r s  of magni tude below 
t h e  doping d e n s i t y ,  s o  c o n c e n t r a t i o n s  a s  low a s  10'' cm-3 (0 .5  p a r t s  p e r  
t r i l l i o n )  can  be  d e t e c t e d  i n  h i g h  r e s i s t i v i t y  s i l i c o n .  Each i m p u r i t y  e x h i b i t s  
a  p a r t i c u l a r  energy l e v e l  o r  l e v e l s  which a r e  c h a r a c t e r i z e d  by an energy ,  a  
d e n s i t y ,  and a  c a p t u r e  c r o s s - s e c t i o n  f o r  h o l e s  o r  e l e c t r o n s .  
By comparing t h e  c o n c e n t r a t i o n  of e l e c t r i c a l l y - a c t i v e  (deep l e v e l )  
i m p u r i t i e s  i n  a c r y s t a l  w i t h  t h e  t o t a l  m e t a l l u r g i c a l  i m p u r i t y  c o n t e n t  (determined 
by n e u t r o n  a c t i v a t i o n  a n a l y s i s  o r  mass s p e c t r o s c o p y ) ,  we d i scovered  t h a t  t h e  
f r a c t i o n  o f  impur i ty  t h a t  remains e l e c t r i c a l l y  a c t i v e ,  and t h u s  a f f e c t s  d e v i c e  
performance,  v a r i e s  w i t h  t h e  meta l  s p e c i e s ,  v i z ,  F i g u r e  3. For example a l l  t h e  
Mo i n  a  c r y s t a l  i s  a c t i v e  f o l l o w i n g  growth w h i l e  o n l y  abou t  23% of t h e  C r  atoms 
c o n t r i b u t e  t o  c e l l  performance r e d u c t i o n .  Th is  i s  a n  i n d i c a t i o n  t h a t  m a t e r i a l  
thermal  h i s t o r y  s t r o n g l y  i n f l u e n c e s  f i n a l  c e l l  e f f i c i e n c y ,  a  p o i n t  we w i l l  
r e t u r n  t o  l a t e r .  
The DLTS d a t a  on i m p u r i t y  recombinat ion e f f e c t s  a r e  suppor ted  by de- 
t a i l e d  d a r k  I V  measurements l i k e  t h o s e  f o r  T i  i n  F i g u r e  4 .  The p o s i t i o n  o f  t h e  
upper segment of t h e  I V  c u r v e  d i r e c t l y  r e l a t e s  t o  t h e  b u l k  d i f f u s i o n  l e n g t h  of 
t h e  b a s e  m a t e r i a l  ( 6 ,  '). The upward s h i f t  of t h e  curve  cor responds  t o  an i n c r e a s e  
i n  I,, t h e  c u r r e n t  i n t e r c e p t  a t  V = 0  i n d i c a t i n g  r e d u c t i o n  i n  t h e  b u l k  d i f f u s i o n  
The r e d u c t i o n  i n  L  c o r r e l a t e s  d i r e c t l y  w i t h  t h e  e l e c t r i c a l l y  
act:-ve c o n c e n t r a t i o n  (NT)  of i m p u r i t i e s  measured i n  t h e  s i l i c o n  by DLTS: 
I, @ - a: %. Data f o r  T i  w e r e  t y p i c a l  o f  most i m p u r i t i e s  s t u d i e d ;  a  few l i k e  
Cu a n 3  N i  produce no a p p a r e n t  d i f f u s i o n  l e n g t h  r e d u c t i o n  b u t  degrade s o l a r  c e l l  
j u n c t i o n s  by forming p r e c i p i t a t e s  which a c t  as e l e c t r i c a l  s h o r t  c i r c u i t s ( 6 ) .  
3 .2  Impur i ty  E f f e c t s  Model 
The DLTS and d a r k  I V  a n a l y s e s  p rov ide  t h e  f o u n d a t i o n  f o r  an i m p u r i t y  
e f f e c t s  model which g i v e s  a r e l a t i o n s h i p  between s i l i c o n  impur i ty  concen t ra -  
t i o n  and t h e  convers ion e f f i c i e n c y  i n  h i g h  performance d e v i c e s ( 6  , l o ) .  B r i e f l y ,  
t h e  assumptions  of t h e  model a r e  t h a t  t h e  d e v i c e  performance i s  b a s e  c o n t r o l l e d ,  
t h a t  i m p u r i t i e s  p r i m a r i l y  degrade d i f f u s i o n  l e n g t h  and t h a t  t h e  number of 
recombinat ion c e n t e r s  produced i s  a l i n e a r  f u n c t i o n  o f  t h e  m e t a l l u r g i c a l  concen- 
t r a t i o n  of t h e  con tamina t ing  s p e c i e s  p r e s e n t .  
From t h e s e  assumptions ,  we showed t h a t  t h e  b u l k  d i f f u s i o n  l e n g t h  i s  
r e l a t e d  t o  Lno, t h e  d i f f u s i o n  l e n g t h  i n  t h e  uncontaminated s o l a r  c e l l ,  by 
1 
- + K N + K N + . . . + Kz Nz where t h e  K ' s  a r e  c o n s t a n t s  and N i s  2 = -  
L Lno2 x x  Y Y  
t h e  m e t a l l u r g i c a l  c o n c e n t r a t i o n  of a g iven s p e c i e s ( 6 ) ,  For t h i s  c a s e  I,, t h e  
s h o r t  c i r c u i t  c u r r e n t  of t h e  contaminated d e v i c e s  normal ized by the  v a l u e  f o r  
t h e  m e t a l - f r e e  b a s e l i n e  c e l l s  i s  g iven  by 
i n  which Inm ( a  c o n s t a n t  r e l a t e d  t o  d e v i c e  geometry) = 1.11, Nx i s  t h e  m e t a l l u r -  
g i c a l  i m p u r i t y  c o n c e n t r a t i o n  and C z x  and N a r e  model c o n s t a n t s  determined by 
f i t t i n g  t h e  e q u a t i o n  t o  exper imenta l  data@:lo). No, can be  i n t e r p r e t e d  a s  a 
t h r e s h o l d  c o n c e n t r a t i o n  f o r  t h e  o n s e t  of c e l l  d e g r a d a t i o n ;  a t  Nx = Nox, I, = 
0.97 and t h e  normal ized e f f i c i e n c y  n / n o  = 0.92.  
We showed f u r t h e r  t h a t  t h i s  e q u a t i o n  can  b e  coupled w i t h  a n  e m p i r i c a l  
approximat ion t o  t h e  r e l a t i o n s h i p  between normal ized e f f i c i e n c y  and In s o  t h a t  
c e l l  e f f i c i e n c y  as a f u n c t i o n  of i m p u r i t y  c o n t e n t  is  g iven  by 
A l e a s t  s q u a r e s  f i t  of  e q u a t i o n  (3 )  t o  t h e  s h o r t  c i r c u i t  c u r r e n t  d a t a  f o r  Mo- 
doped c e l l s  y i e l d s  CZ, = 2.0  x  10-I' and No, = 6.08 x 10" ~ m - ~ ,  The f i t  of  t h e  
model t o  t h e  e f f i c i e n c y  d a t a  f o r  Mo i s  i l l u s t r a t e d  i n  F i g u r e  5.  The t h r e s h o l d  
v a l u e s  o b t a i n e d  i n  similar f a s h i o n  f o r  over  twenty m e t a l  i m p u r i t i e s  a r e  tabu-  
l a t e d  i n  Reference 6 .  F i g u r e  6  i l l u s t r a t e s  how t h e  t h r e s h o l d  f o r  c e l l  degra -  
d a t i o n ,  No,, v a r i e s  w i t h  t h e  p o s i t i o n  of t h e  meta l  e lement  i n  t h e  p e r i o d i c  
t a b l e .  With t h e s e  v a l u e s  of Nox, e q u a t i o n s  (3 )  and ( 4 )  can be  used t o  o b t a i n  
t h e  c e l l  e f f i c i e n c y  a s  a  f u n c t i o n  of i m p u r i t y  t y p e  and c o n t e n t .  The p r o j e c t e d  
c u r v e s  resemble  F i g u r e  5 and d e s c r i b e  t h e  e x p e r i m e n t a l l y  observed b e h a v i o r  o f  
26 m e t a l s  v e r y  r e i n f o r c i n g  t h e  c o n c l u s i o n  t h a t  t h e  pr imary e f f e c t  o f  t h e  
impur i ty  i s  t o  degrade  b u l k  l i f e t i m e  by c a r r i e r  recombinat ion a t  a  t r a p p i n g  
c e n t e r .  
The model p r e d i c t s  w e l l  t h e  behav ior  of b o t h  s i n g l y  and m u l t i p l y -  
contaminated s o l a r  c e l l s  made u s i n g  e i t h e r  c o n v e n t i o n a l  d i f f u s e d  n+ o r  pS. 
j u n c t i o n  d e s i g n s  l a c k i n g  a  back s u r f a c e  f i e l d ,  s u r f a c e  p a s s i v a t i o n ,  o r  o t h e r  
re f inemetns .  The average  c e l l  e f f i c i e n c y  of t h i s  " s tandard  e f f i c i e n c y "  (SE) 
on s i l i c o n  c o n t a i n i n g  no purpose ly  added contaminants  was 1 4 . 1  - +
0.7% 
3.3  High E f f i c i e n c y  C e l l s  
Using d a t a  f o r  our  c o n v e n t i o n a l  (SE) d e v i c e s  a  q u a l i t a t i v e  unders tand-  
i n g  of how m a t e r i a l  p r o p e r t i e s  i n f l u e n c e  t h e  performance of c e l l s  w i t h  h i g h e r  
e f f i c i e n c i e s  can b e  a t t a i n e d  by e x t e n s i o n  of t h e  i m p u r i t y  e f f e c t s  model. A 
convenient  way t o  do t h i s  i s  t o  de te rmine  t h e  t h r e s h o l d  impur i ty  c o n c e n t r a t i o n  
Nox f o r  a h i g h e r  e f f i c i e n c y  (H) d e v i c e  and t h e n  t o  compare i t  t o  t h e  v a l u e  o f  
N~~ deduced f o r  our  4 Qcm SE c e l l s .  
The r e l a t i o n s h i p  between t h e  two t y p e s  of d e v i c e s  was de r ived  by 
Davis e t  a ~ ( ~ , " ) :  
which reduces  t o  N (H) = N 
0 X 0 X 
no 
when b o t h  d e v i c e s  have t h e  same b a s e  r e s i s t i v i t y .  
Th i s  r e l a t i o n s h i p ,  p l o t t e d  i n  F i g u r e  7  f o r  s e v e r a l  i m p u r i t i e s ,  
i n d i c a t e s  t h a t  t h e  s e n s i t i v i t y  o f  s o l a r  c e l l s  t o  impur i t i e s ,measured  by t h e  
d e g r a d a t i o n  t h r e s h o l d ,  d e c r e a s e s  a s  t h e  q u a l i t y  o f  t h e  m a t e r i a l  denoted b y  Lno 
i n c r e a s e s .  For example, r a i s i n g  Lno t o  600 pm from 175 pm lowers  t h e  i m p u r i t y  
c o n c e n t r a t i o n  a t  which c e l l  er formance j u s t  b e g i n s  t o  degrade  t o  2.2 x  10" 
T i  atoms cmq3 from 2 .5  x 10'' T i  atoms ~ m - ~ .  That i s ,  as t h e  performance o f  a  
d e v i c e  i s  i n c r e a s e d  by m a t e r i a l  q u a l i t y  improvements, t h e  s e n s i t i v i t y  of t h e  
d e v i c e  t o  t r a c e  con tamina t ion  i n c r e a s e s .  
W e  can p l a c e  t h i s  phenomena i n  t h e  c o n t e x t  of c e l l  e f f i c i e n c y  w i t h  t h e  
a i d  of F i g u r e  8  i n  which t h e  normal ized s o l a r  c e l l  e f f i c i e n c y  i s  p l o t t e d  v e r s u s  
T i  c o n c e n t r a t i o n  f o r  s i l i c o n  b a s e  m a t e r i a l  whose uncontaminated d i f f u s i o n  l e n g t h s  
a r e  175, 450, and 600 pm, r e s p e c t i v e l y .  The b a s e l i n e  (uncontaminated)  d e v i c e s  
made u s i n g  t h i s  SE d e s i g n  would have e f f i c i e n c i e s  o f  14 ,  1 4 . 5 ,  and 15%,  
r e s p e c t i v e l y .  I n  each  c a s e  once t h e  t h r e s h o l d  v a l u e  i s  exceeded t h e  c e l l  
e f f i c i e n c y  v a l u e  f a l l s  monoton ica l ly  w i t h  impur i ty  c o n c e n t r a t i o n .  However, f o r  
t h e  h i g h e r  e f f i c i e n c y  d e v i c e s  t h e  o n s e t  of e f f i c i e n c y  r e d u c t i o n  o c c u r s  a t  
succeed ing ly  lower T i  c o n c e n t r a t i o n s  ( lower Nox) a s  f o r e c a s t  by e q u a t i o n  ( 6 ) .  
With t h e  a d d i t i o n  of 2.6 x  1012 cm-3 of T i ,  t h e  e f f i c i e n c y  of t h e  
d e v i c e  w i t h  Lno = 175 pm would f a l l  from 14% t o  12.6% i n  a b s o l u t e  terms.  The 
same r e l a t i v e  e f f i c i e n c y  r e d u c t i o n ,  15% t o  13.5% (n/no = 0 . 9 1 ) ,  would t a k e  p l a c e  
a t  a  T i  c o n c e n t r a t i o n  of o n l y  2.2 x  lo1'  i n  t h e  d e v i c e  w i t h  Lno = 600 pm. 
S i m i l a r  c a l c u l a t i o n s  can b e  made f o r  o t h e r  i m p u r i t i e s  u s i n g  t h e  v a l u e s  o f  No, 
f o r  SE c e l l s  t a k e n  from F i g u r e  6 o r  from Reference 6. Compared t o  T i  t h e  o n s e t  
of i m p u r i t y  d e g r a d a t i o n  would o c c u r  a t  a  lower  c o n c e n t r a t i o n  f o r  i m p u r i t i e s  l i k e  
Mo and a t  h i g h e r  c o n c e n t r a t i o n s  f o r  i m p u r i t i e s  l i k e  C r ,  v i z  F i g u r e  6 .  
S o p h i s t i c a t e d  t echn iques  l i k e  s u r f a c e  p a s s i v a t i o n ,  back s u r f a c e  f i e l d s ,  
and s p e c i a l  e m i t t e r  d e s i g n s  should produce c e l l  e f f i c i e n c i e s  of 20% o r  b e t t e r ,  
e . g . ,  Table  1. To a n a l y z e  i m p u r i t y  e f f e c t s  on t h e s e  h i g h  e f f i c i e n c y  (HE) i 
d e s i g n s ,  we need t o  make use  o f  t h e  more d e t a i l e d  one dimensional  a n a l y t i c  model 
coupled w i t h  t h e  e s t a b l i s h e d  l i n k a g e  between d i f f u s i o n  l e n g t h  and i m p u r i t y  
c o n t e n t  o u t l i n e d  above(6 ,  O ) .  Using T i  a s  a  t y p i c a l  i m p u r i t y ,  we assume a n  HE 
d e v i c e  d e s i g n  w i t h  f r o n t  and back s u r f a c e  p a s s i v a t i o n ,  a  back s u r f a c e  f i e l d ,  a  
double  l a y e r  a n t i r e f l e c t i v e  c o a t i n g  and a  c e l l  t h i c k n e s s  o f  275 ym equa l  t o  t h a t  
of t h e  SE c e l l s ,  Again, t h e  assumed d i f f u s i o n  l e n g t h s  of t h e  uncontaminated 
b a s e l i n e  c e l l s  a r e  175,  450, and 600 vm, producing c a l c u l a t e d  c e l l  e f f i c i e n c i e s  
of 16 .1 ,  18,  and 18.5% M1. A s  n o t e d ,  t h e  e f f i c i e n c y  of t h e  SE c e l l  chosen f o r  
comparison i s  14% when Lno = 175 ym.  
The e f f e c t  of T i  a d d i t i o n s  on HE c e l l  performance,  F i g u r e  9 ,  i s  
q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  f o r  t h e  SE d e s i g n :  a s  t h e  c e l l  e f f i c i e n c y  
i n c r e a s e s ,  t h e  T i  c o n c e n t r a t i o n  a t  which performance r e d u c t i o n  b e g i n s  i s  
reduced. That i s ,  h i g h e r  e f f i c i e n c y  d e v i c e s  a r e  more i m p u r i t y  s e n s i t i v e  
( q u a n t i t a t i v e  comparisons  of F i g u r e s  8 and 9 a r e  d i f f i c u l t  due t o  minor d i f f e r -  
ences  i n  t h e  model assumpt ions  f o r  t h e  two c a s e s ) .  
Taken t o g e t h e r ,  t h e  d a t a  i n d i c a t e  t h a t  s m a l l  amounts of meta l  
contaminants  may b e  t o l e r a t e d  when c e l l  e f f i c i e n c i e s  a r e  low t o  moderate ,  12 t o  
15%, b u t  t h a t  i m p u r i t i e s  must be  l i m i t e d  t o  v e r y  low l e v e l s  i f  v e r y  h i g h  e f f i -  
c i e n c i e s  a r e  t o  be  ach ieved  ( a  T i  c o n c e n t r a t i o n  of abou t  10" ~ m - ~ ,  2  p a r t s  p e r  
t r i l l i o n ,  i s  s u f f i c i e n t  t o  reduce  c e l l  e f f i c i e n c y  from 18.5% t o  about  1 6 . 8 % ) .  
The harmfu lness  of a s p e c i f i c  impur i ty  depends on i t s  v a l u e  o f  Nox,Figure 9.  I n  
a d d i t i o n ,  o t h e r  d e f e c t s  which reduce b u l k  l i f e t i m e  must a l s o  be  minimized. 
4. IMPURITY CONTROL 
C u r r e n t l y  t h e r e  a r e  two approaches  t o  c o n t r o l  t h e  e l e c t r i c a l l y - a c t i v e  
impur i ty  c o n c e n t r a t i o n  i n  s i l i c o n  s o l a r  c e l l s :  (1)  minimize con tamina t ion  of 
t h e  b a s e  m a t e r i a l  by p u r i f i c a t i o n  t o  p rov ide  t h e  h i g h e s t  v a l u e  of L p o s s i b l e  i n  
t h e  w a f e r s  from which c e l l s  a r e  made, and (2)  m a i n t a i n  o r  improve t h e  i n i t i a l  
d i f f u s i o n  l e n g t h  by chemical  o r  thermochemical " g e t t i n g "  t e c h n i q u e s  d u r i n g  t h e  
c e l l  p r o c e s s i n g  i t s e l f ( ' '  912). I n  t h e  f i r s t  method, i m p u r i t i e s  a r e  e l i m i n a t e d ;  
i n  t h e  second, t h e y  may be  removed o r  made e l e c t r i c a l l y  i n a c t i v e  by p r e c i p i t a -  
t i o n  o r  chemical  complexing t o  e l i m i n a t e  c a r r i e r  recombinat ion sites. 
4 . 1  P u r i f i c a t i o n  
S i l i c o n  f o r  s o l a r  c e l l s  i s  produced i n  two s t e p s  - decomposi t ion o f  
h i g h l y - p u r i f i e d  t r i c h l o r o s i l a n e  o r  s i l i c o n  t e t r a c h l o r i d e  t o  form p o l y c r y s t a l l i n e  
s i l i c o n ( 1 3 )  and t h e  subsequent  t r a n s f o r m a t i o n  o f  p o l y s i l i c o n  t o  a  s i n g l e  c r y s t a l  
i n g o t  by Czochra l sk i  p u l l i n g  (CZ) o r  f l o a t  zone (FZ) r e f i n i n g ,  (14 ,15)  o r  t o  
s h e e t  by newer r i b b o n  growing p r o c e s s e s  (16). The c r y s t a l  growth s t e p  i s  an 
i n t e g r a l  p a r t  of t h e  p u r i f i c a t i o n  s i n c e  most i m p u r i t i e s  t e n d  t o  accumulate  
p r e f e r e n t i a l l y  i n  t h e  l i q u i d  dur ing  growth l e a v i n g  t h e  s o l i d  p r o p o r t i o n a t e l y  
p u r e r .  The degree  of p u r i f i c a t i o n  f o r  a  g iven  contaminant  i s  measured b y  i t s  
e f f e c t i v e  s e g r e g a t i o n  c o e f f i c i e n t  ke, t h e  r a t i o  of t h e  c r y s t a l  i m p u r i t y  c o n t e n t  
t o  t h e  i m p u r i t y  c o n t e n t  of t h e  f e e d s t o c k  from which t h e  c r y s t a l  grew(15) .  
Our measurements, Table  2 ,  conf i rm t h a t  t h e  s e g r e g a t i o n  c o e f f i c i e n t s  
of meta l  contaminants  grown i n t o  s i l i c o n  c r y s t a l s  d u r i n g  C z o c h r a l s k i , .  
p u l l i n g  ( 6 , 1 0 ) a r e  i n  g e n e r a l  ext remely s m a l l ,  r ang ing  from 3 x  loe2 f o r  A 1  t o  
1 . 7  x  f o r  W.  ( k  v a l u e s  f o r  r ibbon  growing by t h e  d e n d r i t i c  web p r o c e s s  
a r e  comparably s m a l l ( 1 6 ) ) .  Perhaps one of t h e  most s t r i k i n g  and u s e f u l  
f e a t u r e s  of meta l  i m p u r i t y  s e g r e g a t i o n  i n  s i l i c o n  i s  t h e  r e l a t i o n s h i p  between 
t h e  c e l l  d e g r a d a t i o n  t h r e s h o l d  c o n c e n t r a t i o n  and t h e  e f f e c t i v e  s e g r e g a t i o n  
c o e f f i c i e n t ,  v i z  F i g u r e  1 0 .  Those i m p u r i t i e s  most e f f e c t i v e  a t  r educ ing  b u l k  
d i f f u s i o n  l e n g t h ,  e . g . ,  Ta, Mo, and Z r ,  have t h e  s m a l l e s t  s e g r e g a t i o n  
c o e f f i c i e n t s  and a r e  t h e r e f o r e  t h e  most easy  t o  e l i m i n a t e  d u r i n g  t h e  c r y s t a l  
growth s t e p .  
Although t h e r e  i s  no c l e a r - c u t  t h e o r e t i c a l  e x p l a n a t i o n  f o r  t h e  
observed r e l a t i o n s h i p ,  we expec t  i m p u r i t i e s  w i t h  t h e  l a r g e s t  atom s i z e  and 
chemical  c h a r a c t e r  d i s p a r i t i e s  t o  s i l i c o n  t o  e x h i b i t  t h e  s m a l l e s t  v a l u e  of k ,  
a  f a c t  c o n s i s t e n t  w i t h  e r p e r i m e n t ,  v i z  F i g u r e  11 ( s e e  a l s o  r e f e r e n c e  l o ) ,  
These a r e  t h e  same i m p u r i t i e s  whose e l e c t r o n i c  s t r u c t u r e  f a v o r  t h e  fo rmat ion  of 
deep l e v e l s  w i t h  l a r g e  c a r r i e r  c a p t u r e  c r o s s - s e c t i o n ~ ( ~ ~ ) .  The g e n e r a l  s l o p i n g  
of t h e  t h r e s h o l d  v a l u e s  from t h e  upper  r i g h t  t o  lower l e f t  i n  F i g u r e  6 though 
n o t  comple te ly  unders tood,  s u g g e s t s  an  i n c r e a s e  i n  e f f e c t i v e  c a r r i e r  recombin- 
a t i o n  c r o s s - s e c t i o n .  
To t a k e  f u l l e s t  advan tage  of t h e  s e g r e g a t i o n  b e h a v i o r  o f  meta l  contam- 
i n a n t s ,  we can employ zone r e f i n i n g  t o  p u r i f y  t h e  s i l i c o n  from which c e l l s  a r e  
made. For exam l e  a f t e r  two zone p a s s e s  our  model T i  i m p u r i t y  c o u l d  be re-  
duced below 1 0 l g  ck-3 from a n  assumed f e e d s t o c k  c o n c e n t r a t i o n  of 1016 
The p u r i f i c a t i o n  e f f e c t  would be  somewhat l e s s  f o r  CZ p u l l i n g  and web growth,  
b u t  i t  i s  s t i l l  s i g n i f i c a n t .  Exper imenta l ly ,  t h e  most e f f i c i e n t  s o l a r  c e l l s  
have been produced on Wacker f l o a t  zoned s i l i c o n  s u b s t r a t e s .  Data f o r  c e l l s  
made i n  our  l a b o r a t o r y  on FZ m a t e r i a l ,  Tab le  3,  show t h e  obvious  advan tages  
of i n c r e a s e d  p u r i f i c a t i o n .  Comparable c e l l s  made on C z o c h r a l s k i  and web 
m a t e r i a l  t y p i c a l l y  e x h i b i t e d  e f f i c i e n c i e s  lower  by a s  much a s  1 t o  2% a b s o l u t e .  
The p u r i t y  o f  t h e s e  m a t e r i a l s  i s  h i g h  enough t h a t  no deep l e v e l s  can b e  measured 
even by DLTS; t o t a l  heavy metal i m p u r i t y  c o n c e n t r a t i o n s  of l e s s  t h a n  0 . 0 1  pba 
( 5  x  10" ~ m - ~ )  f o r  f l o a t  zone s i l i c o n  and l e s s  t h a n  1 ppba ( 5 x 1013 cm-') f o r  
Czochra l sk i  m a t e r i a l  a r e  t y p i c a l  ( l  2 ) .  
4.2 Pos t  Growth Impur i ty  Cont ro l  
D e s p i t e  t h e  f a c t  t h a t  c r y s t a l s  o f  ex t remely  h i g h  p u r i t y  can b e  
produced, contaminants  i n t r o d u c e d  dur ing  subsequent  d e v i c e  p r o c e s s i n g  may 
s i g n i f i c a n t l y  degrade b u l k  m a t e r i a l  p r o p e r t i e s .  Wafer p r e p a r a t i o n ,  h a n d l i n g ,  
and h i g h  t empera tu re  p r o c e s s  s t e p s  a r e  common e n t r y  p o i n t s  f o r  m e t a l  s p e c i e s  
i n t o  t h e  s i l i c o n ( 1 8 ) .  Bes ides  c l e a n e r  p r o c e s s i n g ,  one way t o  minimize t h e  
e f f e c t s  of con tamina t ion  and t o  enhance b u l k  m a t e r i a l  p r o p e r t i e s  i s  by i m p u r i t y  (11 12)  g e t t e r i n g  , 
We found t h a t  v o l a t i l i z a t i o n  of i m p u r i t i e s  a s  c h l o r i d e s  by h e a t  
t r e a t m e n t  i n  C1-bearing ambients ,  m i g r a t i o n  of contaminants  t o  r e g i o n s  o f  
enhanced s o l u b i l i t y  such a s  d i f f u s e d  j u n c t i o n s ,  and p r e c i p i t a t i o n  a t  d e l i b e r -  
a t e l y  induced d e f e c t s  a l l  can be  used t o  e l e c t r i c a l l  d e a c t i v a t e  i m p u r i t i e s  i n  K s i l i c o n  s o l a r  c e l l s  and t o  r a i s e  c e l l  e f f i c i e n c y  ( l o ,  9, . However, t h e  
e f f e c t i v e n e s s  of each t echn ique  appears  h i g h l y  s p e c i e s  and p r o c e s s  h i s t o r y  
dependent.  
A key s t e p  i n  most g e t t e r i n g  p r o c e s s e s  i s  t h e  d i f f u s i o n  of i m p u r i t y  
atoms t o  a  s i n k  where t h e  e l e c t r i c a l  a c t i v i t y  of t h e  meta l  i s  u l t i m a t e l y  
n e u t r a l i z e d  by p r e c i p i t a t i o n  o r  complexing. To t e s t  t h e  response  of v a r i o u s  
s p e c i e s  t o  g e t t e r i n g ,  we d i f f u s e d  metal-doped wafe rs  a t  825OC i n  POCR3, a 
t r e a t m e n t  which a l s o  mimics t h e  s o l a r  c e l l  j u n c t i o n  fo rmat ion  s t e p .  The 
d i f f u s e d  l a y e r  was d i s s o l v e d ,  and a  s e r i e s  of s t e p s  was e tched  from t h e  wafe r  
s u r f a c e  i n t o  t h e  bu lk  s - l i c o n .  Schot tkey d i o d e s  formed on t h e  s t e p s  p e r m i t t e d  
us t o  measure by DLTS t h e  impur i ty  c o n c e n t r a t o n  a s  a  f u n c t i o n  of dep th  i n t o  t h e  
wafe r ,  F igure  12 .  The s t a r t i n g  wafer  c o n c e n t r a t i o n s  were 4 x  1014 cm-3 V ,  2  x 
1014 T i .  1015 C r ,  and 4 x 1012. Mo r e s p e c t i v e l y ,  
The v a r i a t i o n  i n  i m p u r j t y  response t o  t h e  thermochemical  p r o c e s s  i s  
s t r i k i n g .  Following g e t t e r i n g ,  t h e  e l e c t r i c a l l y  a c t i v e  T i  and V c o n c e n t r a t i o n s  
e x h i b i t e d  a  p r o f i l e  w i t h  d e c r e a s i n g  c o n c e n t r a t i o n  toward t h e  s u r f a c e  i n d i c a t i n g  
d i f f u s i o n  of t h e  m e t a l s  t o  t h e  j u n c t i o n  r e g i o n  and e l e c t r i c a l  d e a c t i v a t i o n .  
The e l e c t r i c a l l y  a c t i v e  C r  c o n c e n t r a t i o n  which was abou t  1014 b e f o r e  h e a t  
t r e a t m e n t  f e l l  below t h e  DLTS d e t e c t i o n  l i m i t  of 3.5 x lo1' cmm3 a t  a l l  
l o c a t i o n s  i n  t h e  sample. No change i n  t h e  Mo c o n c e n t r a t i o n  c o u l d  b e  d e t e c t e d .  
A more d e t a i l e d  s t u d y  of T i  g e t t e r i n g ,  F i g u r e  13,  i n d i c a t e d  t h a t  t h e  p r o c e s s  
was d i f f u s i o n  c o n t r o l l e d  and cou ld  be  modeled c l o s e l y  by assuming a n  
a c t i v a t i o n  energy of 1 .66 e v ( 1 3 ) .  I n  g e n e r a l ,  t h e  e f f e c t i v e n e s s  of POCR3 
g e t t e r i n g  depended d i r e c t l y  on t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  s p e c i e s  
(Dcr >DTi>DV>DMo) and s o  t h e  p r o c e s s  c y c l e  must be  t a i l o r e d  t o  some e x t e n t  f o r  
each i m p u r i t y  o r  c l a s s  o f  i m p u r i t y  (Fe,  C r ,  Co, Cu). 
For  example, t h e  d a t a  i n  Tab le  4  i n d i c a t e  how s o l a r  c e l l  e f f i c i e n c y  
and s i l i c o n  i m p u r i t y  c o n c e n t r a t i o n  v a r y  w i t h  t h e  g e t t e r i n g  t r e a t m e n t  f o r  s i l i c o n  
which i n i t i a l l y  c o n t a i n e d  8  x  1013 cm- of e l e c t r i c a l l y  a c t i v e  T i .  Higher  
t empera tu res  and l o n g e r  t i m e s  d e c r e a s e  t h e  T i  c o n c e n t r a t i o n  n e a r  t h e  s u r f a c e  and 
i n c r e a s e  t h e  c e l l  e f f i c i e n c y .  For t h e  s t a r t i n g  c o n c e n t r a t i o n  chosen i n  t h e s e  
exper iments ,  no p r o c e s s  t e s t e d  comple te ly  d e a c t i v a t e d  a l l  t h e  T i ,  s o  t h e  c e l l  
e f f i c i e n c y  recovered  t o  o n l y  abou t  70% of t h e  uncontaminated b a s e l i n e  v a l u e  of 
14%. For  r a p i d l y  d i f f u s i n g  s p e c i e s  l i k e  C r  and Fe, f u l l  r ecovery  of t h e  base -  
l i n e  c e l l  e f f i c i e n c y  was ach ieved( '  ', '). For i m p u r i t i e s  l i k e  Mo, a lmos t  no 
improvement i n  c e l l  e f f i c i e n c y  was o b t a i n e d  even a f t e r  s e v e r a l  hours  POCR3 
g e t t e r i n ;  a t  1200°C. 
HCR t r e a t m e n t s  a t  t empera tu res  between 825 and 1200°C prov ided  
q u a l i t a t i v e l y  s i m i l a r  r e s u l t s  b u t  appeared t o  b e  somewhat more e f f e c t i v e  t h a n  
t h e  POCR3 t r e a t m e n t .  S h o r t e r  t i m e s  o r  lower t e m p e r a t u r e s  diminished t h e  
i m p u r i t y  e f f e c t s  t o  t h e  same l e v e l  a s  f o r  POCR3. Backside  damage and a r g o n  
implant-induced damage reduced t h e  e l e c t r i c a l  a c t i v i t y  o f  most con taminan ts  
s t u d i e d  b u t  were most e f f e c t i v e  when used i n  combinat ion w i t h  HCR t r e a t m e n t s  (10) 
The d a t a  on g e t t e r i n g  a r e  encouraging a s  a  means t o  improve c e l l  
e f f i c i e n c y ,  b u t  we know of  no s y s t e m a t i c  s t u d i e s  i n  which t h e  method h a s  been 
employed t o  produce h i g h e r  e f f i c i e n c y  d e v i c e s  t h a n  t h o s e  a t t a i n e d  by c o n v e n t i o n a l  
methods. 
Coupled w i t h  f l o a t  zoning,  g e t t e r i n g  may p r o v i d e  m a t e r i a l  q u a l i t y  
enhancements p e r m i t t i n g  t h e  f u l l  e x p l o i t a t i o n  of d e v i c e  des ign  improvements 
sugges ted  from t h e  model s t u d i e s .  
5.  CONCLUSION 
Economic a n a l y s e s  i n d i c a t e  t h a t  h i g h  e f f i c i e n c y  (> 18%) s o l a r  c e l l s  
and modules w i l l  be  r e q u i r e d  i f  p h o t o v o l t a i c  power g e n e r a t i o n  systems a r e  t o  
a c h i e v e  widespread a p p l i c a t i o n ,  e s p e c i a l l y  i n  u t i l i t y  networks .  While c l e v e r  
c e l l  d e s i g n  can produce s i g n i f i c a n t  e f f i c i e n c y  improvements, t h e  q u a l i t y  o f  t h e  
s i l i c o n  from which t h e  c e l l s  a r e  made must be  i n c r e a s e d  and i t s  b u l k  p r o p e r t i e s  
mainta ined d u r i n g  c e l l  p r o c e s s i n g  i f  t h e s e  d e s i g n  improvements a r e  t o  b e  f u l l y  
r e a l i z e d .  
C e l l  e f f i c i e n c y ,  p a r t i c u l a r l y  i n  h i g h  e f f i c i e n c y  d e v i c e s ,  i s  s t r o n g l y  
degraded by m e t a l  con taminan ts  which reduce  bu lk  d i f f u s i o n  l e n g t h ,  For example,  
a s  few a s  1011 T i  atoms can reduce t h e  e f f i c i e n c y  of an 18 .5% t o  1 6 . 8 % ,  
a  s i g n i f i c a n t  d e p r e c i a t i o n ,  Elements t o  t h e  l e f t  of t h e  p e r i o d i c  t a b l e  l i k e  W 
and Mo a r e  more harmful  p e r  u n i t  c o n c e n t r a t i o n  t h a n  a r e  e lements  t o  t h e  r i g h t  
l i k e  C r  and  Fe.  Low b a s e  r e s i s t i v i t y  p e r m i t s  lower d i f f u s i o n  l e n g t h s  t o r  a  
g iven e f f i c i e n c y  so  t h a t  such d e v i c e s  a r e  more i m p u r i t y  t o l e r a n t .  
Ra i s ing  b u l k  d i f f u s i o n  l e n g t h  can b e  ach ieved  mainly  by s t a r t i n g  w i t h  
h i g h  p u r i t y  s i l i c o n  t h e n  employing zone r e f i n i n g .  The s e g r e g a t i o n  c o e f f i c i e n t s  
f o r  a l l  m e t a l  con taminan ts  a r e  s m a l l ,  t y p i c a l l y  l o M 5  o r  l e s s  s o  t h a t  s e v e r a l  
zone p a s s e s  lower  t h e  i m p u r i t y  c o n c e n t r a t i o n  w e l l  below t h e  d e t e c t i o n  l i m i t s  of  
even t h e  most s e n s i t i v e  a n a l y t i c a l  t e c h n i q u e s .  To p r e s e r v e  d i f f u s i o n  l e n g t h  
d u r i n g  s i l i c o n  h a n d l i n g  i s  more d i f f i c u l t  and r e q u i r e s  ex t remely  c l e a n  p rocedures  
t o  guard a g a i n s t  unwanted contaminat ion.  A g e t t e r i n g  s t e p  t o  main ta in  d i f f u s i o n  
l e n g t h  d u r i n g  p r o c e s s i n g  u l t i m a t e l y  may b e  r e q u i r e d  t o  p rov ide  t h e  h i g h e s t  
e f f i c i e n c y  d e v i c e s .  
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AULICH: Did you look at the effects of boron, phosphorus, and carbon on the 
impurity relationships? 
HOPKLNS: We did a very small amount of work with carbon. We had a great deal 
of difficulty getting structurally good ingots. Jim NcCormick (Hemlock 
Semiconductor) is more familiar with the ingot-growing problems and could 
answer questions about that part better than I can. We really didn't 
investigate carbon extensively. We did some work with phosphorus. I 
can't remember the concentration levels, but they were fairly high, There 
does seem to be a turnover for phosphorus. Ranny Davis believed that this 
was largely due to a reduction in mobility due to ionized impurity 
scattering. We did not do a significant study using boron. 
AULICH: If an impurity level is detrimental, can anything be done during cell 
processing to inactivate the impurity? In other words, is there a chance 
of converting an impure, bad material into a good efficiency material? 
HOPKINS: Our experience wouldn't lead to a claim that this could be done. 
However, in some of our systematic studies of gettering using conventional 
back-surface damage (or phosphorus oxychloride or HCL as gettering agents, 
or in some cases using ion implantation damage to stimulate gettering), we 
found that the electrically active concentrations of a number of the 
impurities could be deactivated or reduced. If the impurities behaved 
like chromium and iron, which have relatively high diffusion coefficients, 
the electrically active concentrations were reduced to essentially zero. 
The concentrations of impurities having diffusion properties similar to 
titanium and vanadium could be reduced, but not eliminated. Thus, the 
efficiencies of devices containing titanium or vanadium, for example, 
could be improved by one or maybe two points over the range of 
temperatures and times we used experimentally, but the uncontaminated 
baseline values could not be reached. Some benefits can be obtained from 
gettering. We didn't do enough to really define the total spectrum of 
conditions needed to render all impurities harmless, but I think there is 
a limit to how much can be done if the initial impurity concentrations are 
very high. 
HWANG: In a recent report describing silicon solar cells with efficiencies 
exceeding 18%, the materials used (with very few exceptions) were 
float-zone crystals with resistivities of 0.2 to 0.3 ohm-cm. This seems 
to indicate that phosphorus and boron might have a larger effect than the 
metal content. In these cases, the diffusion lengths were just a few 
tenths of a micrometer. Would you kindly comment on these data? 
HOPKINS: What you said is true. In fact, the data that I showed for the 18% 
cells were for cells made from a seemingly unique piece of low-resistivity 
float-zone material. It doesn't seem to be unique anymore. The diffusion 
length was low, but it was still up in the hundreds of micrometers. I 
think the metal contamination levels must be kept very low to achieve 
these high--efficiency values. In fact, in our modeling of the 18% 
devices, it became clear t h a t  the diffusion l e n g t h  must be high, which i t  
was, even though the resistivity was low. Our conclusion was that dhe  
impurity concentrations must be kepk at very low levels to get 
high-efficiency cells. 
SCHPIZD: It seems that oxygen and carbon would be very significant elements 
in influencing the levels of impurities. I guess most of the work you did 
was with high-quality silicon. What were the levels of oxygen and carbon? 
HOPKIMS: Levels of oxygen were typically those found in most Czochralski-grown 
ingots, on the order of lox8, and the level of carbon was about an order 
of magnitude lower. We did some work with float-zone crystals, and we 
found that the oxygen and carbon were reduced and there were lower levels 
of the metal impurities, although it wasn't dramatic. However, we only 
looked at three or four ingots out of a total of 200 or more. 
SCHHlD: You mentioned that you did some work in higher carbon content and you 
did see some breakdown. At what level did you see the breakdown as a 
factor of just increasing carbon concentration? 
HOPKINS: I wish I could answer. It's been quite awhile, and the amount of 
work we did with carbon was relatively low. I don't think I can 
characterize the effects. I think the people who work with castings could 
describe the levels of carbon concentration which cause problems. As I 
said, we used Czochralski ingots for most of our work, and the main issue 
was to maintain the oxygen and carbon concentrations nearly the same from 
crystal to crystal to provide a valid method of comparison for determining 
the effects of impurities. I would like to look at that problem. If our 
program had not ended in 1982, we would have. 
